The objective of this study was to develop cyanobacteria remote sensing models using Landsat 7 Enhanced Thematic Mapper Plus (ETMþ) as an alternative to shipboard monitoring efforts in Lake Champlain. The approach allowed for estimation of cyanobacteria directly from satellite images, calibrated and validated with 4 years of in situ monitoring data from Lake Champlain's Long-Term Water Quality and Biological Monitoring Program (LTMP). The resulting stepwise regression model was applied to entire satellite images to provide distribution of cyanobacteria throughout the surface waters of Lake Champlain. The results demonstrate the utility of remote sensing for estimating the distribution of cyanobacteria in inland waters, which can be further used for presenting the initiation and propagation of cyanobacterial blooms in Lake Champlain. by guest days and a small precipitation event (1.7 mm) on the day before the August 9 flyover likely led to low levels of blooms at the mouths of the two rivers. The bloom initiation and propagation in Lake Champlain could shift within a week (personal communication with Chandra Madramootoo at McGill University). More research should be conducted to confirm this theory, but it demonstrates the power of synoptic coverage of cyanobacteria in determining the drivers of algal blooms. CONCLUSIONS Public access to the full archive of Landsat data and the availability of environmental datasets provide many opportunities for environmental monitoring and modeling. The remote sensing models presented in this study were developed from coincident field sampling and Landsat ETMþ flyovers. The results confirm that ETMþ data can be used to provide lakewide coverage of cyanobacterial blooms. Our ETMþ models captured documented cyanobacterial blooms providing a full snapshot of cyanobacteria estimations across the entire lake. Time series and watershed analysis also demonstrates the utility of our remote sensing models for a range of resource management issues. Even though the ETMþ sensors have high spatial resolutions that allow for detailed synoptic coverage of algal blooms, Landsat 7's 16-day revisit period places limitations on the monitoring capabilities of the models. With further research, similar models could be developed for the Landsat 5 Thematic Mapper (TM) sensor, and the two satellites could be used in combination to provide results every 8 days, given clear-sky conditions.
INTRODUCTION
Cyanobacteria, also called blue-green algae, have been a serious concern in many inland freshwaters because the blooms impact drinking water supplies, recreational use, and fisheries; and pose a threat to human health and the aquatic ecosystem (Paerl et Satellite remote sensing has been used for detecting water quality parameters since the early 1970s (Ekstrand ) The objective of this study is to develop a remote sensing model to detect algal and cyanobacterial bloom distributions in Lake Champlain using remote sensing: Enhanced Thematic Mapper Plus (ETMþ) data on Landsat 7. The ETMþ data are well suited for monitoring algal blooms over Lake Champlain because of its relatively high spatial resolution (30 m), allowing for measurements of small embayments which tend to have the most problems associated with eutrophication and algal blooms. In theory, phycocyanin pigments are proportional to cyanobacteria concentrations, and the ETMþ sensor should be able to detect the unique spectral properties of cyanobacterial blooms. Therefore, we attempted to develop a remote sensing model based directly on the net cyanobacteria measurements. This study will demonstrate the utility of remote sensing models in lake monitoring programs. The approach will provide effective monitoring of cyanobacteria in lakes and presents new insights into the initiation and propagation of cyanobacterial blooms. Cyanobacterial blooms in the lake have received increased concern since the poisoning of two dogs attributed to direct ingestion of lake water contaminated with cyanotox- 
MATERIALS AND METHODS

Study area
In situ field measurements
The field sampling data were obtained from the Vermont 
Development of remote sensing cyanobacteria models
Coincident pairs were extracted from the six multispectral ETMþ bands (Rλ), excluding thermal and panchromatic bands. Previous studies suggested using the mean value of Landsat reflectance from a window size of 5 × 5 pixels to minimize the effects of satellite signal noise and account for patchiness in algae (Ekstrand ) . This approach was used in this study to extract coincident exoatmospheric reflectance values.
Multi-linear regression was used to develop the cyanobacteria models using the ETMþ's single band and band ratio model. The correlation between exoatmospheric reflectance for each band and cyanobacteria was calculated to identify the most significant band information.
Stepwise multi-linear regression was developed using the band information with the highest correlation coefficient 
RESULTS AND DISCUSSION
The correlation results show that the ETMþ bands 2 (r > 0.70), 3 (r > 0.58), and 1 (r > 0.46) (R B2 , R B3 and R B1 respectively) were highly correlated to cyanobacteria in the lake (Table 1) . Band ratios of 2/1 (r > 0.80) and 3/1 (r > 0.58) among others show the highest correlation with cyanobacteria.
The regression analysis was developed using ETMþ bands 2, 3, and 1, which provided the most significant information for detecting cyanobacteria. The final ETMþ models for cyanobacteria are presented by the following equations and the regression coefficients are provided in Table 2 :
(1) Table 3 shows the results of model performance. For cyanobacterial biovolume models, the single band model with bands 2 and 3 achieved the highest coefficients of determination, R 2 , with the training dataset with acceptable coefficient p-values. However, these single band models with bands 2 and 3 also showed high root-mean-square errors (RMSEs) with the validation datasets, which were more than twice as high as the RMSEs for the other models.
On the other hand, band ratio models showed low RMSEs.
Based on the R 2 values and validation results, the band ratio model was selected as the best model to predict cyanobacteria across Lake Champlain. This could be due to the band ratio model's ability to maximize the effects of three distinctive optical features of chlorophyll a in cyanobacteria.
Past studies using Landsat data have similarly found improved performance with band ratio models over single band models in detecting algal chlorophyll a (Hellweger et al. ; Vincent et al. ) . In general, the ETMþ band ratio model performed well at detecting cyanobacteria biovolume above 0.05 mm 3 mL À1 , but it did poorly at lower concentrations, sometimes predicting negative concentrations when in situ levels fell below 0.01 mm 3 mL À1 .
However, the regression models for cyanobacteria density did not perform well. Although their R 2 values for both the simple band model and the band ratio model were high, their RMSEs were not acceptable (above 40%).
Therefore, the remote sensing is applicable to detect cyanobacteria biovolume.
The The ETMþ model results were also used to assess how precipitation and river discharge impact bloom formation in Missisquoi Bay. Figure 3 shows daily precipitation data 
